The action of insulin in the central nervous system produces sympathetic nervous system activation (also called sympathoactivation), although the neuronal intracellular mechanisms that mediate this are unclear. We hypothesized that PI3K and MAPK, the major pathways involved in insulin receptor signaling, mediate sympathetic nerve responses to insulin. Intracerebroventricular administration of insulin in rat increased multifiber sympathetic nerve activity to the hindlimb, brown adipose tissue (BAT), adrenal gland, and kidney. Ex vivo biochemical studies of mediobasal hypothalamic tissue revealed that insulin stimulated the association of insulin receptor substrate-1 with the p85α subunit of PI3K and also tyrosine phosphorylation of p42 and p44 subunits of MAPK in the hypothalamus. In order to determine whether PI3K and/or MAPK were involved in insulinmediated sympathoactivation, we tested the effect of specific inhibitors of PI3K (LY294002 and wortmannin) and MAPK (PD98059 and U0126) on regional sympathetic responses to insulin. Interestingly, regional sympathoactivation to insulin was differentially affected by blockade of PI3K and MAPK. Inhibition of PI3K specifically blocked insulin-induced sympathoactivation to the hindlimb, while inhibition of MAPK specifically blocked insulin-induced sympathoactivation to BAT. Sympathoactivation to corticotrophin-releasing factor, however, was not affected by inhibition of PI3K and MAPK. These data demonstrate that PI3K and MAPK are specific and regionally selective mediators of the action of insulin on the sympathetic nervous system.
Introduction
There is now compelling evidence supporting a role for insulin in regulation of the sympathetic nervous system. For example, infusion of insulin during euglycemic clamping significantly increases plasma catecholamine concentrations and regional "spillover" (1) (2) (3) (4) . Hyperinsulinemia-induced sympathetic nervous system activation (also called sympathoactivation) has been confirmed using direct measurement of sympathetic nerve activity (SNA). Insulin infusion augments sympathetic outflow to skeletal muscle in humans (5, 6) and to the hindlimb in rats (7) . The rise in SNA induced by brain intracerebroventricular (ICV) administration of insulin in rats (8) , as well as the prevention of the SNA responses to insulin by ablation of the anteroventral third ventricle (9) , suggest that the increases in SNA induced by insulin emanate from the hypothalamus. Insulin receptors have been located in several brain regions, including those area involved in sympathetic regulation such as the hypothalamus (10) (11) (12) . However, the intracellular signaling pathways implicated in insulin-induced sympathoactivation remain unknown. Moreover, it is unclear whether the same mechanisms are involved in differential regional sympathetic responses to insulin.
Insulin receptor signaling depends on the activation of diverse mechanisms (13, 14) . Activation of the insulin receptor results in tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1) through IRS-4. This allows association of IRSs to various effector molecules such as the regulatory subunit of PI3K through its Src homology 2 domain (15) . Once activated, PI3K activates protein kinase C and a serine/threonine protein kinase, Akt/protein kinase B. Another major signaling pathway of the insulin receptor involves the cytoplasmic intermediate protein called the Src homology collagen (SHC) protein (13, 14) . When tyrosine phosphorylated, SHC associates with the growth factor receptor-binding protein 2/sonof-sevenless complex, leading to activation of the Ras/Raf pathway, which in turn triggers activation of MAPK.
The aim of the present study was to examine the molecular mechanisms involved in the effects of insulin on regional SNA. We hypothesized that PI3K and MAPK mediate sympathetic nerve responses to insulin. First, we established the effect of ICV insulin on SNA to different tissues including hindlimb, brown adipose tissue (BAT), kidney, and adrenal glands. Next, we examined biochemically whether insulin activates PI3K and MAPK in the hypothalamus. Finally, in order to determine whether PI3K and/ or MAPK were involved in insulin-mediated sympathoactivation, we tested the effect of specific inhibitors of PI3K (LY294002 and wortmannin) and MAPK (PD98059 and U0126) on regional sympathetic responses to insulin.
Results

Sympathetic nerve effects of ICV insulin.
Insulin concentrations in the cerebrospinal fluid (CSF) were significantly higher in rats treated with ICV insulin than in vehicle-treated animals (Table 1) . Plasma insulin, however, did not differ between the control group and ICV insulin-treated animals (Table 1) .
ICV administration of insulin caused a significant (P < 0.0001) and dose-dependent increase in lumbar SNA ( Figure 1A) , with 187% ± 36% (P < 0.01 vs. diluent) and 257% ± 21% (P < 0.01) increases in the 6th hour at doses of 100 and 500 mU, respectively. ICV insulin produced a slow increase in BAT SNA (P < 0.0001; Figure 1B) , with 171% ± 24% (P < 0.001) and 280% ± 30% (P < 0.001) increases in the 6th hour at the lowest and highest doses, respectively. Adrenal sympathoactivation to ICV insulin was modest, with a mean increase of 90% ± 18% in the 6th hour at the highest dose (P < 0.05; Figure 1C ). Renal SNA increased slowly only with the higher dose of insulin ( Figure 1D ). The rise in renal SNA induced by 500 mU of insulin was 76% ± 16% at the 6th hour after the ICV injection (P < 0.01). While mean arterial pressure tended to increase only with the highest dose of insulin, heart rate (HR) was significantly (P = 0.0038) increased in insulin-treated animals (Table 1) .
To exclude the possibility that the regional sympathoactivation to insulin was caused by hypoglycemia, we assessed CSF and plasma glucose after ICV administration of insulin and vehicle. CSF glucose was not significantly affected by ICV administration of insulin, as CSF glucose was comparable in rats treated with vehicle or different doses of insulin at 6 hours (Table 1) . Insulin (500 mU) also failed to affect CSF glucose at 15 minutes (127 ± 7 mg/dl and 134 ± 1 mg/dl in rats treated with vehicle and insulin, respectively), 30 minutes (104 ± 29 mg/dl and 127 ± 14 mg/dl), and 60 minutes (103 ± 47 mg/dl and 107 ± 21 mg/dl) after ICV injection. Plasma glucose was also not affected by ICV administration of insulin or vehicle (Table 1 ). In the group of rats treated with 500 mU of insulin, blood glucose was 49 ± 3 at baseline, 42 ± 3 mg/ dl at 2 hours, 47 ± 7 mg/dl at 4 hours, and 51 ± 6 mg/dl at 6 hours. Finally, to exclude the possibility of any effect of low CNS glucose levels on regional sympathoactivation to insulin, we assessed the added effect of ICV glucose administration (100 μg) to the SNA response to 500 mU of insulin. The lumbar SNA response to insulin was preserved (254% ± 47%; n = 6; P = 0.94 vs. insulin alone) when glucose was administered with insulin.
Effects of insulin on hypothalamic PI3K and MAPK. To investigate whether insulin activates PI3K and MAPK in the hypothalamus, we tested the effects of ICV administration of 500 mU of insulin on these enzymes in mediobasal hypothalamic tissue. We found that in vivo ICV administration of insulin caused a significant (P < 0.001) increase in IRS-1-associated PI3K, with a peak at 15 minutes ( Figure 2A ). ICV insulin also caused a significant (P < 0.001) increase in the tyrosine phosphorylation of p42 and p44 MAPK, peaking at 30 minutes, but insulin treatment did not affect total MAPK ( Figure 2B ). Thus, insulin activates both PI3K and MAPK pathways in the hypothalamus.
Role of PI3K in SNA responses to insulin. As shown in Figure 3 , sympathoactivation to insulin was significantly attenuated by ICV administration of 5 μg of the PI3K inhibitor LY294002 and was completely abolished in the presence of 0.5 μg of wortmannin. The increase in lumbar SNA induced by ICV administration of 500 mU of insulin was 248% ± 21% in presence of vehicle, 116% ± 21% in presence of LY294002 (P < 0.01), and 23% ± 19% (P < 0.001) in the presence of wortmannin. In presence of 1 μg of LY294002, the attenuation of lumbar sympathoactivation to insulin was less pronounced (194% ± 22%; n = 6; P < 0.05 vs. insulin), indicating that the effect of PI3K inhibitors on the lumbar SNA response to insulin is dose dependent. In contrast, the increase in BAT, adrenal, and renal SNA induced by insulin was not significantly altered by pretreatment with LY294002 or wortmannin ( Figure 3 ). PI3K inhibitors had no effect on baseline SNA when given alone. Administration of LY294002 or wortmannin with insulin or vehicle did not significantly affect mean arterial pressure, HR, or plasma insulin (data not shown). The CSF insulin of rats receiving 5 μg of LY294002 and 500 mU of insulin was elevated (213 ± 33 ng/ml) compared with that of rats receiving LY294002 alone (0.10 ± 0.04 ng/ml).
Role of MAPK in SNA responses to insulin. Pretreatment with 5 μg of PD98059 or 7 μg of U0126, which had no effect alone, abolished the increase in SNA to BAT (Figure 4 ). Insulin increased BAT SNA by 280% ± 26% in presence of vehicle, but failed to affect BAT SNA in presence of PD98059 (47% ± 13%; P < 0.001) or U0126 (37% ± 8%; P < 0.001). The effect of MAPK inhibitors on BAT sympathoactivation to insulin appears to be dose dependent, as the inhibition of BAT SNA in response to insulin was less pronounced in presence of 1 μg of PD98059 (198% ± 26%; n = 6; P < 0.001 vs. insulin). In contrast, lumbar, adrenal, and renal sympathoactivation to insulin were not significantly affected by PD98059 or U0126 ( Figure 4B ).
Administration of the MAPK inhibitor PD98059 with insulin or vehicle did not alter mean arterial pressure, HR, or plasma insulin (data not shown). CSF insulin was increased in the rats treated with a combination of 5 μg of PD98059 and insulin (230 ± 98 ng/ml) compared with that of rats treated with PD98059 alone (0.15 ± 0.06 ng/ml).
Effects of PI3K and MAPK blockade on SNA response to corticotrophin-releasing factor. In line with a previous report (16) , ICV administration of 5 μg of corticotrophin-releasing factor (CRF) caused a substantial and significant (P < 0.01) increase in SNA to hindlimb and BAT ( Figure 5 ). Pretreatment with the PI3K inhibitors LY294002 (5 μg) and wortmannin (0.5 μg) did not affect the increase in lumbar SNA induced by CRF ( Figure  5A ). Similarly, pretreatment with the MAPK inhibitors PD98059 (5 μg) and U0126 (7 μg) did not alter the BAT SNA response to CRF ( Figure 5B ).
Discussion
Our data demonstrate that CNS administration of insulin in the rat increases sympathetic nerve outflow to the hindlimb, BAT, kidney, and adrenal gland. More surprisingly, our data show that contrasting molecular mechanisms are involved in regional sympathoactivation induced by insulin. The increase in sympathetic outflow to thermogenic BAT is mediated by MAPK, while the sympathoexcitatory effect of insulin to the hindlimb is mediated by PI3K. However, neither of these signaling pathways appears to be involved in insulin-mediated sympathoexcitation to the kidney and adrenal gland. These data confirm the hypothesis that PI3K and MAPK are major intracellular mediators in the regulation of sympathetic outflow by insulin.
Studies from several laboratories, including our own, have shown that insulin produces nonuniform regional sympathetic nerve responses (7, 8, 17, 18) . In rats, hyperinsulinemia was found to increase sympathetic activity to the hindlimb but not to other tissues (7, 8) . In contrast, our present data demonstrate that insulin increased hindlimb SNA, but also increased SNA to BAT, adrenal gland, and kidney. While the increase in hindlimb SNA was fast, beginning minutes after ICV administration of insulin, the SNA responses of other nerves were slower and required 1-2 hours to start. This slow increase in SNA to BAT, kidney, and adrenal gland could explain the contrasting findings between our study and previous reports in which the effect of insulin on SNA was assessed only during the first 2 hours.
Insulin-induced sympathoactivation to thermogenic BAT is consistent with the role of insulin in the regulation of body weight and energy homeostasis. Indeed, ICV administration of insulin has been shown to decrease body weight in several species (19) . In contrast, downregulation of insulin receptors in the hypothalamus using insulin receptor antisense oligodeoxynucleotide (20) as well as neuron-specific deletion of this receptor throughout the central nervous system (21) increases fat mass. Furthermore, the action of insulin in the central nervous system increases thermogenesis (22) and stimulates the level of uncoupling protein in BAT (23) . The increase in SNA observed after CNS administration of insulin is not secondary to an effect of insulin on either CSF or blood glucose concentrations. Indeed, CSF and plasma glucose levels were similar in insulin-and vehicle-treated animals, while the rise in SNA after administration of ICV insulin was dose related. Additionally, lumbar sympathoactivation to insulin was not altered by central administration of glucose. However, the absence of effect of ICV insulin on plasma glucose in our study here is in contrast with the previously reported role of CNS insulin in the regulation of plasma glucose. Indeed, the action of insulin in the hypothalamus has been reported to decrease glucose production (24) and plasma glucose concentrations (25) . Although the reasons for the discrepancy between our study and those previous reports remain unknown, the presence of prolonged anesthesia has been shown to inhibit the fall in plasma glucose induced by the CNS action of insulin (26) .
The sympathetic effects of insulin on organs involved in the cardiovascular regulation, such as the kidney, are also consistent with the "pro-hypertensive" action of insulin (27, 28) . This hormone is also known to stimulate sodium retention, presumably via stimulation of renal nerve outflow (18, 29) . In contrast, in our studies ICV insulin caused only a slight increase in arterial pressure despite the robust increase in SNA, perhaps because of the presence of anesthesia (30) . The absence of a significant pressor effect of insulin in our study here may also relate to the relatively short study duration, because chronic infusion of insulin has been shown to increase blood pressure in the rat (28) . In the so-called "insulin hypothesis of hypertension" (18, 31) , the sympathetic effects of chronic hyperinsulinemia have been suggested to link insulin resistance, cardiovascular mortality, and high blood pressure. Exploration of the mechanisms by which insulin controls the sympathetic nervous system may offer insights into CNS mechanisms of obesity, insulin resistance, and cardiovascular diseases, including hypertension. Here we have demonstrated the involvement of nonuniform intracellular mechanisms in the control of regional SNA by insulin. This is consistent with the divergent signaling capacities of the insulin receptor that affect several physiological processes through different pathways (13, 14) . In the central nervous system, Spanswick et al. (32) have shown that blockade of PI3K, but not MAPK, abolishes the neuronal hyperpolarization induced by insulin. Hypothalamic PI3K also appears to be a key component in the effects of insulin on food intake and body weight, as blockade of this enzyme prevents the anorexic and weight-reducing effects of insulin (33, 34) . Abolition of the weight-reducing effect of insulin with PI3K inhibitors would suggest that this enzyme is central to insulin-induced thermogenesis. In contrast, our data have shown that insulin-induced sympathoactivation to thermogenic BAT is MAPK mediated. It could be that insulin-induced sympathoactivation, which was prevented with PI3K inhibitors, contributes to the thermogenic action of insulin. This would indicate that lumbar sympathoactivation represents an increase mainly in nerve fibers that subserve metabolic function. The absence of an effect of PI3K and MAPK blockade on the renal and adrenal SNA responses to insulin indicates that other intracellular signaling mechanisms mediate insulin-induced sympathoexcitation to these tissues. In support of this hypothesis is the difference in the magnitude as well as the time course of the SNA responses to insulin of the nerves serving these two tissues compared with BAT and lumbar SNA responses. The difference in the magnitude and time course of regional SNA response to insulin may also suggest that different neuronal pathways are involved in the control by insulin of regional sympathetic outflow. Central insulin modulates distinct neuropeptide systems, including proopiomelanocortin peptide and neuropeptide Y (19, 35, 36) . Interestingly, the effect of insulin on the renal SNA appears to be mediated by the melanocortin system, as renal sympathoactivation to insulin is abolished in homozygous melanocortin 4 receptor-knockout mice, while heterozygous mice have an attenuated response to insulin (37) . The role of the melanocortin system in the SNA response of other nerves to insulin remains unknown, however. The involvement of other neuropeptides in the control of sympathetic nervous system by insulin is also unknown.
Because PI3K and MAPK are central molecules for many cellular effects, we questioned the specificity of blockade of insulininduced sympathoactivation by inhibition of these enzymes. However, CRF-induced lumbar sympathoactivation was not affected by the presence of PI3K inhibitors. Similarly, inhibition of MAPK did not affect the insulin-induced rise in BAT SNA. Thus, the involvement of PI3K and MAPK in the control of lumbar and BAT SNA seems to be specific for insulin. Additionally, the relatively high degree of specificity of the inhibitors used in our study excludes the possibility that blockade of SNA responses to insulin may be due to a nonspecific effect of these compounds. Indeed, cell-based assays and in vitro studies have shown that both LY294002 and wortmannin inhibit PI3K far more potently than they inhibit any other related enzyme (15, 38) . Similarly, PD98059 and U0126 appear to specifically suppress MAPK signaling, rather than suppressing any other protein kinase (38) (39) (40) . These inhibitors have been widely used to suppress activation of PI3K and MAPK and to examine the physiological roles of these enzymes.
In conclusion, we have demonstrated that ICV administration of insulin substantially increases SNA to the hindlimb, BAT, kidney, and adrenal gland. The finding that ICV insulin does not alter plasma insulin levels indicates that these effects are due solely to central neural action of insulin. Our data also reveal a key role for MAPK and PI3K in the control of regional sympathetic outflow by insulin. Indeed, the increase in SNA to thermogenic BAT is mediated by MAPK, while the sympathoexcitatory effect of insulin to the hindlimb is mediated by PI3K. In contrast, none of these signaling pathways seem to mediate the effect of insulin on SNA to the kidney and adrenal gland. Our data offer the tantalizing possibility that it may be possible to selectively interfere with potentially deleterious cardiovascular sympathetic activation, while not altering thermogenic, weight-reducing sympathoexcitation. Our data also suggest that it may be possible to therapeutically modulate thermogenic SNA without altering nonthermogenic SNA.
Methods
Animals. Male Sprague-Dawley rats (Harlan Sprague-Dawley) weighing between 300 and 400 g were used. All rats were housed in a room at constant temperature (23°C) with a 12-hour light/dark cycle (light switched off at 18:00). Rats were fed standard rat chow (containing 18.62% protein, 6.25% fat, 4.53% fiber, and 53% nitrogen-free extracts; Harlan Teklad) and were given water ad libitum. The University of Iowa Animal Research Committee (Iowa City, Iowa, USA) approved all procedures.
Cannulae implantation. Rats were anesthetized by intraperitoneal injection of pentobarbital (Nembutal, 50 mg/kg) and were placed in a stereotactic device (Kopf Instruments). A 23-gauge sterile guide cannula 16 mm in length was implanted 10° from vertical into the third brain ventricle with the following coordinates relative to bregma: -1 mm anteroposterior, +1.5 mm lateral from the midline, and -9 mm dorsoventral. The ICV cannula was then fixed in place with dental cement and rats were kept in individual cages postoperatively. Cannulae were considered patent in rats that drink more than 4 ml of water in response to carbachol injection (50 ng; ICV). The position of the cannula was verified at the end of each experiment by histological analysis.
Surgical procedure for hemodynamic and nerve recordings. One week after ICV cannulation, rats were anesthetized with pentobarbital and a catheter was inserted in the jugular vein for maintenance of anesthesia with α-chloralose (50 mg/kg/h). We have previously shown that this anesthesia regimen does not alter the sympathetic response to different stimuli, including baroreflex stimulation and hemorrhage (41) . The trachea was cannulated, and each rat was allowed to spontaneously breathe oxygenenriched air. Rectal temperature was maintained at 37.5°C with a temperature-controlled surgical table and a lamp. Hemodynamic parameters (mean arterial pressure and HR) were monitored through a pressure transducer connected to the catheter inserted in the femoral artery with a pressure transducer connected to MaLab data acquisition system and a Macintosh computer.
SNA to BAT, kidney, hindlimb, and adrenal gland was measured by multifiber recording. The left kidney and adrenal gland were exposed retroperitoneally through a flank incision. Under a dissecting microscope, a renal or adrenal nerve was carefully dissected free and was placed on a bipolar 36-gauge platinum-iridium electrode (Cooner Wire Co.). When optimum recording of SNA was obtained, the electrode was covered with silicone gel (World Precision Instruments Inc.). For recording BAT SNA, the BAT was exposed through a incision in the nape of the neck. A sympathetic nerve fiber innervating BAT was identified, placed on the bipolar platinum-iridium electrode, and fixed with silicone gel. Separate groups of rats were prepared for measurement of lumbar SNA. A middle abdominal incision was made and a lumbar sympathetic nerve was isolated, placed on the bipolar platinum-iridium electrode, and covered with silicone gel. In some rats, we performed simultaneous recording of SNA from two nerves serving different tissues (BAT with adrenal or renal).
Nerve electrodes were attached to a high-impedance probe (HIP-511; Grass Instruments Co.). The nerve signal was amplified 10 times with a
Figure 5
Effects of PI3K and MAPK blockade on lumbar and BAT SNA responses to another stimulus, CRF. (A) The PI3K inhibitors LY294002 (5 μg; ICV) and wortmannin (0.5 μg; ICV) have no effect on the lumbar sympathoactivation to CRF (5 μg; ICV). (B) The MAPK inhibitors PD98059 (5 μg; ICV) and U0126 (7 μg; ICV) have no effect on the BAT sympathoactivation to CRF (5 μg; ICV). Data represent means ± SEM of 8-10 rats per group.
Grass P5 AC preamplifier, filtered at a 100-and 1,000-Hz cutoff with a nerve traffic analysis system (model 706C; University of Iowa Bioengineering, Iowa City, Iowa, USA), and led to an oscilloscope (model 54501A; Hewlett-Packard Co.) whose cursor was positioned precisely above the background noise. The nerve traffic analyzer counted the action potentials that exceeded this threshold voltage (spikes/second). Both the counted action potentials and the renal neurogram were routed to a MacLab analog-digital converter (model 8S; AD Instruments Castle Hill) for permanent recording and data analysis on a Macintosh computer. To ensure that electrical noise was excluded in the assessment of sympathetic outflow, SNA was corrected for post-mortem background activity.
SNA studies. After surgery to measure SNA and hemodynamics was completed, animals were allowed to stabilize for 15-20 minutes. Baseline SNA for each "bed," mean arterial pressure, and HR were then measured on two occasions throughout a 10-minute control period and were averaged to obtain a single value for this control period. In the dose-response study, arterial blood samples were also obtained at baseline for measurement of blood glucose concentrations. The inhibitors of PI3K (LY294002 [5 μg] and wortmannin [0.5 μg]) or their vehicles (1% methanol and DMSO, respectively) and of MAPK (PD98059 [5 μg] and U0126 [7 μg]) or their vehicle (DMSO) were administered 10 minutes before insulin, CRF, and their vehicles. Each ICV injection was administered for a duration of 1 minute in a volume of 2 μl. After ICV administration of experimental agents, mean arterial pressure, HR, and SNA measurements were made every 15 minutes for 6 hours. Blood glucose was measured every 2 hours. At the end of the experiments, CSF and arterial blood were collected. For examination of the effect of ICV insulin on CSF glucose at earlier time points, separate studies were performed in different animals. For collection of CSF, an incision was made to expose the membrane located in the area between the occipital notch and first cervical vertebrae. Once the membrane was exposed, a 23-gauge needle on a 1-ml syringe was then used to puncture the membrane and the CSF was carefully suctioned out immediately after. Rats were then sacrificed by methohexital overdose.
Biochemical studies. Rats were made to fast overnight before ICV insulin (500 mU) and were killed at the indicated time points (see Figure 2) by CO2 asphyxiation. The mediobasal hypothalamus was removed from each rat and was immediately placed in lysis solution (50 mmol/l HEPES, pH 7.8, 137 mmol/l NaCl, 1 mmol/l Na3VO4, 1 mmol/l MgCl2, 2 mmol/l EDTA, and 1% NP-40). After homogenization and centrifugation, the supernatant was removed and stored at -80°C. The concentration of total protein was measured with the Bradford method.
For assessment of the effect of insulin on PI3K, 100 μg of protein samples were incubated overnight at 4°C with anti-IRS-1 in presence of protein A-sepharose. The immunoprecipitates were washed three times, and collected pellets were resolved by 10% SDS-PAGE and were electrotransferred overnight to PVDF membranes, which were incubated for 1 hour with specific antibody against PI3K (1:1,000 dilution), and then for 1 hour at room temperature with horseradish peroxidase-linked anti-rabbit immunoglobulin (1:2,000 dilution). For examination of the effect of insulin on MAPK, protein samples (2 μg) of homogenized tissues were separated by 10% SDS-PAGE and were electrotransferred overnight to PVDF membranes. Membranes were incubated for 1 hour with specific antibodies against both p42 and p44 MAPK (1:1,000 dilution) or tyrosine-phosphorylated p42 and p44 MAPK (1:250 dilution), and then for 1 hour at room temperature with horseradish peroxidase-linked anti-rabbit immunoglobulin (1:2000 dilution) or anti-mouse immunoglobulin (1:1000 dilution), respectively. PI3K, p42 and p44 MAPK, and tyrosinephosphorylated p42 and p44 MAPK were detected with ECL and film exposure. Image J software was used to quantify band intensity.
Blood glucose and insulin assay. Plasma and CSF glucose concentrations were determined with a glucose analyzer (Yellow Springs Instruments). Plasma and CSF insulin concentrations were measured by radioimmunoassay with commercially available kits (from Linco Inc.).
Data analysis. Because there is significant interindividual variation in baseline SNA, the data for SNA are expressed as percentage change from baseline, with 0% as baseline. All results are expressed as mean ± SEM and were analyzed with Student's t test, one-or two-way analysis of variance (ANOVA). When ANOVA reached significance, a post-hoc comparison was made with the Bonferroni test. A P value of less than 0.05 was considered to be statistically significant.
